Abstract Recent works on the response of barrel neurons to periodic deflections of the rat vibrissae have shown that the stimulus velocity is encoded in the cortical spike rate (Pinto et al., J. Neurophysiol. 83(3): 1158-1166 , 2000 Arabzadeh et al., J. Neurosci. 23(27): 9146-9154, 2003). Other studies have reported that repetitive pulse stimulation produces band-pass filtering of the barrel response rate centered around 7-10 Hz (Garabedian et al., J. Neurophysiol. 90:1379-1391 whereas sinusoidal stimulation gives an increasing rate up to 350 Hz (Arabzadeh et al., J. Neurosci. 23(27):9146-9154, 2003). To explore the mechanisms underlying these results we propose a simple computational model consisting in an ensemble of cells in the ventro-posterior medial thalamic nucleus (VPm) encoding the stimulus velocity in the temporal profile of their response, connected to a single barrel cell through synapses showing short-term depression. With sinusoidal stimulation, encoding the velocity in VPm facilitates the response as the stimulus frequency increases and it causes the velocity to be encoded in the cortical rate in the frequency range 20-100 Hz.
Introduction
To explore their environment, rats generate motions of their whiskers moving them back and forth at frequencies in the range 4-12 Hz, a behavior called whisking (Welker 1964; Carvell and Simons 1990) . A relevant issue is to determine which physical quantities associated to the whisker motion are internally used to process tactile information and how they are encoded in the whisker-to-barrel pathway. Several studies indicate that one relevant quantity is the whisker velocity. Work done using a ramp-and-hold stimulus shows that, in the ventro-posterior medial thalamic nucleus (VPm), the velocity is encoded in the temporal profile of the population response with little effect on the thalamic spike rate (ThSR), while barrel cells encode it in the cortical spike rate (CSR) (Pinto et al. 2000) . Using sinusoidal stimulation, a recent work found that the CSR encodes some function of the product amplitude × frequency, such as the whisker velocity itself (Arabzadeh et al. 2003) .
Many works have addressed the question of whether the vibrissa-barrel system is somehow optimized to deal with specific frequency ranges (see (Moore 2004) for a review). These studies analyzed frequency ranges either around those values mimicking the whisking motion itself (1-40 Hz) (Ahissar et al. 2000; Sosnik et al. 2001; Garabedian et al. 2003) or around values similar to the resonant frequency of the whiskers (a few hundred hertz) (Arabzadeh et al. 2003; Andermann et al. 2004) . However, these studies lead to apparently contradictory results: (1) experiments performed at low and moderate frequencies indicate that the CSR has a band-pass behavior, suppressing frequencies beyond 20-30 Hz (Garabedian et al. 2003) while (2) an experiment reaching high frequencies finds that it grows monotonically with the frequency (at least up to 340 Hz) (Arabzadeh et al. 2003 ). These differences have led some authors to hypothesize that the system has two different operating modes depending on whether the stimulation frequency is low or high (Moore 2004 ). However, a more fundamental understanding of the transformations taking place in the system is still lacking.
Studies in various sensory pathways have shown that thalamo-cortical (TC) short-term depression (STD; Castro-Alamancos 1997) is responsible for the suppression of the cortical response at high stimulation frequencies (Eggermont 1999; Garabedian et al. 2003) . If this is the case, it would be necessary to explain the role of depression in the processing of high stimulation frequencies associated with texture coding and whether there exist stimulation conditions which avoid that suppression and lead to a high-pass filter behavior of the CSR in the presence of TC depression.
The filtering properties of individual neurons to periodic stimuli has also been the focus of analysis of many theoretical studies (Koch 1999; Hutcheon and Yarom 2000; Brunel et al. 2001; Gerstner and Kistler 2002; Svirskis and Rinzel 2003) . In particular, it is well known that the passive properties of the cell membrane confer the neuron response a low pass filter behavior. However, the question of what are the limits imposed by the membrane on the ability of neurons to track very fast signals is still debated (Gerstner 2000; Brunel et al. 2001 ).
Here we elaborate simple and distinct models of the VPm response to repetitive stimulation and to sinusoidal stimulation inspired on experimental data. The model includes the codification of the stimulus velocity in the temporal profile of the thalamic response and TC connections with STD. The activity of this thalamic population will be propagated onto a single cortical recipient cell modeled as an integrate-and-fire neuron. Analyzing its cortical response we address the following questions: (1) what is the specific role of TC depression in modulating the cortical response across frequencies?; (2) can the quoted experimental studies showing velocity encoding in the CSR be reproduced and explained by simply encoding the velocity in the temporal profile of the VPm response?
Methods

Stimuli
Two different stimulation paradigms will be distinguished [ Fig. 1(a) ]:
1. Repetitive pulse stimulation, which consists in the repetitive application of a pulse with a fixed shape which is independent of the frequency (e.g. air puffs or mechanical square waves). It is defined by the pulse amplitude A, the duration 0 and the stimulation frequency, f We will first propose a model for the thalamic response to these two types of stimulus. Afterwards, we will use the thalamic responses to stimulate a single barrel cell.
Thalamic response
We consider a population of N = 85 thalamic cells. The response of each cell is described in terms of their cycle peri-stimulus time histogram (CPSTH) , that is, the average of the steady-state peri-stimulus time histogram (PSTH) across all stimulus cycles [Fig. 1(b) right]. Experimental data obtained using short air puffs show a single peaked thalamic response, about 50 ms long, which resembles the profile of a Gamma function (Sosnik et al. 2001) . Sinusoidal whisker stimulation produces a large onset peak response followed by a small offset response Khatri et al. 2004) . We have neglected this small offset peak and have modeled the CPSTH in both pulse and sinusoidal stimulation with a Gamma function defined as
is the time-to-peak and it also sets its temporal width, giving rise to an appreciable thalamic activity during (1)], the scaling of this function with the stimulation frequency will be different (see Section 3). We define the thalamic firing with the instantaneous spike rate, ν(t), which gives the instantaneous probability of discharge of the thalamic neurons (Rieke et al. 1996) . Individual spike trains are stochastic and follow an inhomogeneous Poisson process with rate ν(t). Repeated trials therefore, do not reproduce the timing of the spikes precisely, only the statistics is the same. Figure 1 (b) shows the population spike rastergram from a single trial along with the population summed activity. The rate ν(t) is built from the concatenation of CPSTH's plus a basal rate , ν 0 , which represents the thalamic AP's spontaneously discharged in the absence of stimulation (Fanselow and Nicolelis 1999; Swadlow and Gusev 2001; Castro-Alamancos and Oldford 2002; Bruno and Sakmann 2006) .
where each Gamma function in the sum is defined only within its corresponding stimulation period. The mean thalamic spike rate, ThSR, can be easily computed recalling that each deflection produces an average of eC spikes. Thus, we have that
This equality is not always exact because the duration of a deflection response, 5 , can become comparable to the period of the stimulation so that the Gamma has to be truncated. This clipping effect is noticeable at high frequencies in Fig. 2 (c) and at low frequencies in Fig. 7 (d).
Short-term depression model
The TC synapses in our model show short-term depression (STD) (Magleby 1987; Zucker and Regehr 2002; Gil et al. 1999 ). We use a simple model of vesicle turnover (Vere-Jones 1966; Wang 1999; de la Rocha et al. 2002) , with synapses consisting of M = 7 functional contacts (Gil et al. 1999) , each of them containing a vesicle releasable pool which can host at most one vesicle ready for release (Matveev and Wang 2000; de la Rocha and Parga 2005) . When this pool is empty, spikes arriving to the terminal fail to transmit any signal. If the pool is not empty, pre-synaptic spikes can release the neurotransmitter of the releasable vesicle with probability U = 0.8 (Gil et al. 1999 ). The recovery time, i.e. the time it takes to replenish the pool with a new vesicle after a release, is random with exponential distribution and mean 1 τ v = 300 ms. The instantaneous transmission probability, P t (t), quantifies the level of depression of the synapses during the stimulation. It is obtained by computing over many trials the fraction of functional contacts that, being hit by an AP at time t, elicited a synaptic response. The average probability P t , hereafter referred to as the 1 The difference between this synaptic model and averaged synaptic response models of STD (Abbott et al. 1997; Tsodyks and Markram 1997) , is that release and recovery are stochastic in one case and deterministic in the other. Neglecting the stochastic nature of the transmission leads to an underestimation of the fluctuations of the synaptic current and the post-synaptic response rate (de la Rocha and Parga 2005) . transmission probability, equals the overall fraction of successful spikes.
Synaptic current
Each pre-synaptic spike can produce at most the release of M vesicles, one at each of the M contacts. The synaptic current generated by the release of a single vesicle is modeled as an instantaneous pulse of current J δ(t − t k ), being J the amplitude of the pulse and δ(t − t k ) the Dirac delta function. Thus, a train of thalamic AP's gives rise to a sequence of current pulses described as
The sums run over thalamic neurons (i = 1 . . . N), over synaptic contacts (m = 1 . . . M), and over the releases produced at each contact (k = 1, . . . , rel). The efficacies J i,n are randomly distributed with a Gaussian of mean J and coefficient of variation = 0.2 − 0.4 (Gil et al. 1999 ). We will specify the value of the ratio J/C m which measures the quantal amplitude in voltage units. In addition to the current generated by the thalamic spikes, we include a background current, I bg (t), representing the stationary activity coming from other cortical neurons [ Fig. 1(d) ]. I bg (t) is composed of an excitatory and an inhibitory Poisson trains at constant rates ν E and ν I , respectively, representing the superposition of hundreds of pre-synaptic trains at low cortical spontaneous frequencies. The background synapses are modeled as unreliable but non-depressing. The total synaptic current received by the cortical neuron is denoted as I(t) = I stim (t) + I bg (t). Figure 1 (c) illustrates a typical example of the current generated in one trial. It will be statistically described by its instantaneous mean μ(t), its temporal average μ and its temporal variance σ 2 [see Fig. 1 (c) overlapped gray trace and histogram]. They are defined as
The angular brackets denote an average over trials. Equation (5) expresses that μ(t) is proportional to the thalamic signal ν(t) weighted by the instantaneous transmission probability P t (t). Equation (6) reveals that the average afferent current depends linearly on the product of the thalamic rate and the transmission probability. The variance, σ 2 , which captures both the current stochasticity and its deterministic modulation [ Fig. 1(c) , right histogram], is basically determined by the peak-to-peak variations of μ(t). Therefore, changes in σ will have a big impact on the response firing rate.
Neuron model
We consider a single barrel neuron modeled as a leaky integrate-and-fire cell (LIF; Ricciardi 1977) . The subthreshold potential V(t) of this cell obeys 
Analysis of thalamic and cortical responses
We analyze the cortical response only once the stationary regime has been reached (i.e. after between 0.4 and 1 s). Most of this analysis will be done on the CSR, computed as the mean number of AP's emitted in a long time window divided by the window length. The CSR vs. the stimulation frequency will be referred to as the response function. The degree of phase-locking of spike responses to the periodic pattern of the stimulation, for both thalamic and cortical neurons, will be quantified with the vector strength (VS), defined as (Goldberg and Brown 1969) :
where n is the total number of spikes and f is the frequency of the stimulation. This measure varies between zero, when there is no temporal alignment, and one, at perfect phase locking.
Simulations
Because the synaptic current is made of instantaneous pulses [Eq. (4)], mathematically described as Dirac delta functions, the evolution of the potential [Eq. (8)] can be solved in the simulations exactly. In contrast, the generation of the spike trains with the inhomogeneous rate ν(t) does require a time binning which was taken as dt = 0.05-0.005 ms. The cortical neuron response was simulated for long enough periods (50-200 s of simulated time), and from three to five times, until when the standard error of the CSR and VS became approximately of the size of the symbols used in the plots. Thalamic PSTH's in all the figures were drawn using the corresponding analytical expressions. Traces of P t (t), μ(t) and the cortical PSTH's in Figs. 3 and 6 are drawn by the concatenation of a single period traces.
The parameter values used in the model are given in the Appendix 1. All simulations were performed on a PC running under SUSE Linux. Most graphs were made using the free software plotting tool Grace.
Results
We analyze the TC transformations occurring in the model distinguishing between two different stimulation paradigms [ Fig. 1 
(a)]:
• Repetitive pulse stimulation.
• Sinusoidal stimulation.
For each type of stimulation, we first present a model of the thalamic response and after analyze the cortical response. Because a full characterization of the transformations occurring in the pathway before the thalamus is beyond the scope of this study, we will make rather simple assumptions to characterize the thalamic response. Many of the filtering properties obtained in the cortical response will follow from the parameterization of the thalamic input, being synaptic depression and the membrane filtering the other two factors shaping these properties.
Repetitive pulse stimulation
Thalamic response
We start by defining a model of the thalamic response evoked by repetitive pulse stimulation of the vibrissae. In the absence of adaptation, increasing the stimulation frequency f implies reproducing the same thalamic response more frequently, such that the thalamic response to each deflection is independent of f [ Fig column show the temporal evolution of the instantaneous input rate (top trace), instantaneous transmission probability (second trace), mean instantaneous current (third trace), example voltage trace (fourth trace), and cortical PSTH (bottom trace) for a particular stimulus frequency (see labels above the traces). Filtering at f = 25 Hz occurs because P t (t) is maintained at very low values due to the high afferent spike rate. Thus, the synaptic current produced by a single pulse is too small and makes unlikely that the neuron reaches threshold. Parameters: τ m = 10 ms (a-e) and 5 ms (f). θ = 17 mV [except in (f) θ = 10 mV)], H = 10 mV [except in (f) H = 6 mV], = 10 ms. C = 160 Hz in (f), and C = 125 Hz in all bottom traces. The others are as indicated in Appendix 1 commonly used variable for quantifying the degree of phase locking of the spikes is the vector strength (VS) (see Section 2). The VS is related with the shape of the phase histogram (PH), which is the same as the CPSTH where the time units have been replaced with phase units [ Fig. 1(b) right] . A VS equal to zero means a uniform PH, meaning that spikes occur with equal probability at any phase. A value of VS close to one means a PH narrowly peaked around a particular temporal phase, and zero elsewhere. Thus, the value of the VS is determined by two distinct factors: (1) the width of the PH peak, so that the wider the peak the smaller the VS; and (2) the ratio between the area under the peak and the total area. Ideally, this ratio measures the fraction of spikes triggered by the stimulus.
When using repetitive pulse stimulation, increasing f alters these two magnitudes in opposite directions: (1) increasing the PH peak width, since the constant temporal width of the response, , represents a wider range of phases. This makes the VS decrease.
(2) increasing the fraction of spikes which are triggered by the stimulus, since the number of stimulusasynchronous spikes, those generated by the basal rate, decreases as
. This makes the VS increase. The behavior of VS vs. f depends ultimately on the specific values of ν 0 , and C which determine the relative weight of these opposing effects: (1) if for instance ν 0 = 0 there are no stimulus-asynchronous spikes, the mentioned fraction is always one and the VS decreases monotonically with f [ Fig A final important point is that under stimulation with repetitive pulses the velocity of the whisker does not change with the applied frequency simply because the shape of the pulse remains fixed. This is the reason why no reference was made here to velocity encoding in the thalamus.
Cortical response
The transmission probability P t decreases as the stimulation frequency increases [ Fig. 3(a) ]. This happens because as f increases more spikes reach the synapses per unit time depleting the bouton of vesicles. Beyond a limiting frequency the synapses enter into the saturation regime where P t decreases as 1 f (Abbott et al. 1997; Tsodyks and Markram 1997) causing the mean current μ to saturate [ Fig. 3(b) ]. The variance of the current, σ 2 , behaves non-monotonically [ Fig. 3(c) ]. This occurs because at low frequency the peaks of μ(t) are large but temporally sparse while at high frequencies they are very small due to depression (bottom traces in Fig. 3 , left and right columns respectively). Only at moderate frequencies, σ achieves a maximum, resulting from the compromise between the number of peaks per unit time and their amplitude (bottom traces in Fig. 3, center) .
The CSR shows a similar band-pass behavior with a preferred frequency f p around ∼8 Hz. High frequencies are therefore filtered due to depression. Increasing the stimulation amplitude, C, increases the overall non-monotonic response with no shift of the preferred frequency [ Fig. 3(d) ]. However, this increase rapidly saturates (compare blue and green circles in the figure). Again, because of TC depression, the peak of the instantaneous afferent current does not increase linearly with C. In the absence of depression, the CSR increases monotonically with f showing that depression is needed in order to filter high frequency pulses [ Fig. 3 
While changes in C do not alter considerably neither the size nor the position of the band of transmitted frequencies [see Fig. 3(d) ], decreasing shifts the whole response curve to higher frequencies [ Fig. 3(f) ]. This is occurs because shorter thalamic responses are less effective driving a cortical response so that CSR decreases for low frequencies. Moreover, because of fewer thalamic spikes per deflection, the suppressive effect of STD kicks in at higher f yielding a shift of the transmitted band to higher frequencies.
The cortical VS exhibits a non-monotonic shape with a maximum around f ∼ 5 Hz [ Fig. 3(e) ]. At low f , the CSR is small and close to its spontaneous value (∼3 Hz). Thus, the AP's triggered by the stimulus are therefore a small fraction of the total yielding a small VS (see above). The decreases of the thalamic VS [ Fig. 2(d) red circles] causes the decrease of the cortical VS for f > 5 Hz.
Thalamic and cortical responses with frequency adaptation
We consider the effect of thalamic adaptation, defined as the decrease of the peak thalamic response, C, with stimulation frequency (Ahissar et al. 2000; Hartings et al. 2003; Castro-Alamancos 2002 ), which we model with the following dependence:
Here C 0 represents the amplitude at zero frequency, the adaptation susceptibility α quantifies the strength of adaptation and f is given in pulses per second. A value α = 0 implies no adaptation (the case considered in Fig. 3 ) while α = 1 implies very strong adaptation [ Fig. 4(a) ]. Fig. 3 adaptation [ Fig. 4(b) ]. With stronger adaptation susceptibilities, the CSR still shows a band-pass behavior but it peaks at a lower f . When α is very large, the CSR is equal to spontaneous activity at any f .
Sinusoidal stimulation
Motivated by experiments reporting an increase of the CSR with f up to f ∼ 340 Hz when using a sinusoidal whisker stimulation (Arabzadeh et al. 2003) , we explore whether a sinusoidal stimulus may be encoded in VPm in a different way such that STD does not suppress the response at high frequencies. To achieve this, the synapses must not depress as f increases therefore avoiding that high frequency pulses are filtered. We propose that, under sinusoidal stimulation, the thalamic spike rate remains invariant to changes in f (see Section 4). This rather speculative assumption is based on limited data reporting a small (∼20%) increase of the ThSP in the interval f = 0-40 Hz. The rationale for this assumption is that the level of depression will be invariant to changes in f . This is obtained by making the area of the CPSTH scale with the frequency as 1 f , similarly to the area under one sinusoidal cycle. In addition, the CPSTH area must grow linearly with the stimulation amplitude, A. The two assumptions are formalized in the scaling relation
In contrast to the pulse stimulation, changing f using sinusoidal stimulation changes the velocity of the whisker. In addition, some experiments seem to indicate that the velocity is encoded in VPm (Pinto et al. 2000) . We will therefore analyze two different parameterizations of the thalamic response following the scaling in Eq. (11):
• Without velocity encoding in VPm • With velocity encoding in VPm
The analysis of the first case will allow us to understand better the impact that encoding the velocity in the thalamus has on the cortical response.
3.3 Sinusoidal stimulation without velocity encoding
Thalamic response without velocity encoding
In the absence of velocity encoding in the thalamic response, we make the natural assumption that the CPSTH amplitude depends only on the stimulation amplitude and its temporal width scales linearly with the cycle period: where the VPm activity is modeled as a rectified version of a sine wave (data not shown). It also has the property that, under changes in f , the spikes remain equally distributed across temporal phases [ Fig. 5(c) ] yielding a constant thalamic VS [ Fig. 5(e) ].
Cortical response without velocity encoding in VPm
The CSR vs. f shows a band-pass behavior with a preferred frequency at ∼ 10 Hz [ Fig. 6(d) ]. Larger amplitudes give rise to larger response rates, but this increase saturates due to STD. When there is no depression, the response shows a low-pass behavior and it overlaps the case with depression at high frequencies [ Fig. 6(b-e) , open symbols]. This reveals that depression does not filter the response at high frequency [note that P t does not decrease with increasing frequency; Fig. 6(a) ]. The filtering here is attributable to the passive properties of the cell membrane (Koch 1999) : because of the membrane capacitance, the cell integrates the synaptic current as an RC electric circuit and it behaves as a low-pass filter. What is then the effect of STD on the response? Depression suppresses the cortical response at low frequencies [ Fig. 6(d) ]. This suppression causes σ to be smaller when there is depression [ Fig.6(c) compare full and open circles]. The decrease of σ reflects the decrease of the peak amplitude of the current at low f [ Fig.6(f) left column]. This happens because the time to peak of the thalamic response is very large at low f ( = 250 ms in the example f = 0.5 Hz; top left trace) which causes the synapses to get depleted before the thalamic rate peaks. This is shown in the rapid drop of P t (t) [ Fig. 6(f) left] . This "early" synaptic depression produces a μ(t) with phase-advanced small peaks which generate a low cortical response (Chance et al. 1998) . In contrast, at higher frequencies fewer spikes arrive before the maximum and they are less effective because P t (t) does not recover so much between cycles [ Fig. 6(f) , see f = 10 and 50 Hz traces]. This makes μ(t) to peak almost simultaneously with the thalamic rate (i.e. little phase advance), thus having a larger amplitude. As f increases further, P t (t) becomes approximately constant because of a disassociation of the depression and input time scales. This causes the instantaneous mean current to be the same as the thalamic signal times a constant factor, i.e. μ(t) ∝ ν(t) P t , [ Fig. 6(f) right column] .
The cortical VS shows a wide band-pass behavior with a maximum around ∼ 5 Hz [ Fig. 6(e) ]. This occurs because, at low and high frequencies the CSR is low and comparable to the spontaneous rate. 
top legend applies to all plots). A case without depression is also shown for comparison (open circles).
(a) In contrast to the repetitive pulse stimulation [ Fig. 3(a) ], the transmission probability of the TC synapses is independent of f because in this model the ThSR is independent of f [ Fig. 5(c) 
(f) Instantaneous thalamic rate (top trace), P t (t) (second trace), μ(t) (third trace), example voltage trace (fourth trace) and cortical PSTH (bottom trace) for three frequency values (see labels on top of each column).
As in the case of repetitive pulses, the P(t) trace tends to a constant value as f grows, but in contrast to that case this value is not zero. Because of this, the trace of μ(t) is not damped and follows well the input ν(t) at high f . Despite of this the response is reduced at f = 50 Hz. 
Thalamic response with velocity encoding
The assumption of constant ThSR with f avoids the suppression of high frequencies by STD, yet it is not sufficient to obtain a high-pass behavior in our barrel cell. We thus explore a different parameterization of the thalamic response which has constant ThSR and encodes the stimulus velocity.
Our parametrization of the thalamic response is based on experimental findings showing that the stimulus velocity is encoded in the temporal contrast of the VPm response (Pinto et al. 2000) . This implies that higher velocities lead to a temporal redistribution of the spikes which tend to be discharged more synchronously at the stimulus onset (see Appendix 2). Thus, in our model (1) the ThSR is still invariant with f , as expressed previously in Eq. (11). In addition, (2) the mean velocity is encoded linearly in the temporal contrast of the VPm activity, which in the case of a Gamma-shaped CPSTH equals the amplitude C (see Appendix 2). Putting these two assumptions together we conclude that
Under this scaling the thalamic VS increases monotonically with the frequency [ Fig. 7 (e)]: a greater velocity increases the temporal contrast of the response, implying that VPm spikes cluster closer to the response onset and therefore are more precisely phase locked. This can be observed in the phase histogram in Fig. 7 (c) and it is noticeable, although more subtle, in the thalamic PSTH's [compare the scaling of the PSTH with f in Fig. 5(a-b) with Fig. 7(a-b) ].
Cortical response with velocity encoding in VPm
When the velocity is encoded in VPm, the cortical response function undergoes a substantial shift to higher frequencies: the CSR starts rising at a higher f , peaks around 50 Hz and then falls off [Fig. 8(c) ]. This shift is a consequence of the increase in the peak current with f [ Fig. 8(b) ], which follows from the linear increase of the peak of the thalamic response [Eq. (13)]. At low f , the thalamic peak responses are so small that they produce almost no cortical response and the CSR equals the spontaneous rate. As f increases, higher current peaks elicit higher cortical rates until, at relatively high f , the passive properties of the membrane bring down the response. Thus, although the membrane still filters high frequencies, the encoding of the velocity counteracts this effect and allows the neuron to respond up to higher frequencies. Comparing the cases with and without STD shows that depression does not contribute to shape the response function much, since depression overlap for all f . The mean current is not shown because it presents the same constant behavior as in Fig. 6(b) . (c) The CSR is compared in the cases of (1) velocity encoding with depression, (2) velocity encoding without depression and (3) with depression but without velocity encoding. In all cases, the CSR has a band-pass behavior but encoding the velocity dramatically shifts the band of transmitted frequencies towards higher values.
The examples with and without depression overlap at almost all frequencies revealing that filtering, neither at low nor at high frequencies, is attributable to depression . At low frequencies, the response is low because the current variance is small (b). High frequencies are filtered by the membrane, which works as a lowpass filter. (d) The CSR is compared for decreasing values of τ m : the raising part of the response function expands to higher frequencies as τ m decreases. Parameters: =
2.5
f 2 ( f is in hertz). P t and σ are both independent of τ m . Other parameters are as in Fig. 6 except that in (c): τ m = 2 ms, θ = 7 mV, H = 4 mV, ν E = 7.41 ms −1 , ν I = 1.1 ms −1 (red symbols); τ m = 1 ms, θ = 6 mV, H = 3 mV, ν E = 11.97 ms −1 , ν I = 1.24 ms −1 (green symbols). U = 0.09 for the non-depressing example in (b-c). Legend in (c) applies for the plots (a-c) the CSR in both cases overlap at almost all frequencies [ Fig. 8(c) ].
The fall-off of the CSR at high frequency is dictated by the value of the membrane time constant which equals the membrane capacitance divided by the total membrane conductance. It has been shown that network synaptic activity may substantially increase the total conductance of a cell both in vivo (Borg-Graham et al. 1998; Hirsch et al. 1998 ) and in vitro (Chance et al. 2002) . This results in an effective membrane time constants of a few milliseconds. Because our cell model is not conductance based, we investigate the impact of an ad hoc decrease of τ m on the response of the barrel cell. Along with the decrease in τ m we mimic the increase in network synaptic activity by increasing the background rates ν E and ν I . Going down to the limit case of τ m = 1 ms the CSR increases monotonically up to a preferred frequency of f p ∼ 100 Hz [ Fig. 8(d) ]. However, the cortical neuron still has a band-pass response when explored in a large enough frequency range. Therefore, although the encoding of the velocity along with a decrease of the membrane time constant enables the neuron to respond up to higher frequencies, it does not overcome the eventual fall-off of the CSR due to the integration properties of the membrane. Finally , the VS shows a monotonically increasing behavior up to ∼100 Hz where it slowly starts to drop off (data not shown). Amplitude values set the constant of proportionality of C ∝ f in (a-c) and the amplitude C in spike/ms in (d-f). The rest of the parameters are as in Fig. 8( d) in the plane A − f , whose values are comparable to those employed in the quoted study. We have then represented the same set of data in three different ways:
(1) CSR vs. frequency [ Fig. 9 (a)]; (2) CSR vs. amplitude [Fig. 9(b) ] and (3) CSR vs frequency and amplitude in a color plot [Fig. 9(c) ]. This is the same representation used in (Arabzadeh et al. 2003) so that the results can be directly compared. Figure 9 (a-b) illustrate that in the range 15 < f < 120 Hz the CSR increases monotonically with either the frequency or the amplitude, showing a qualitative agreement with the experiments. At higher frequencies ( f > 120 Hz) the membrane filtering drops the response in disagreement with the mentioned experiments. A different question is whether the CSR is uniquely determined by the product A × f . If this property was perfectly true Fig. 9(c) would show that the tiles along each iso-velocity diagonal, i.e. those from top left to bottom right, have the same color. Different iso-velocity diagonals would show different colors. The actual results show that within the frequency range mentioned above, although not perfect, the encoding is approximately valid. This result is specially relevant when it is compared with the one obtained using the thalamic response model with no velocity encoding [ Fig. 9(d-f) ]. Using this model, because the CSR essentially decreases with f in the explored range [ Fig. 9(d) ], the diagonals with approximately constant rate are orthogonal to the iso-velocity diagonals [ Fig. 9(f) ]. Thus the CSR seem to be encoding more the ratio A/ f than the product A × f .
In summary, the strategy of encoding the velocity in the temporal distribution of the thalamic spikes has two major implications: (1) it makes the ThSR to be constant preventing the depression of TC synapses, and the subsequent suppression of the cortical response, as the frequency increases; (2) the CSR increases monotonically up to much higher frequencies and approximately encodes the velocity. However, the redistribution of spikes at high velocities implies very fast modulations of the afferent current which are eventually filtered by the membrane capacitance. This suggests that extra neural or cortical circuit mechanisms not considered here are required for encoding the velocity up to the highest frequencies employed in the mentioned experiment (Arabzadeh et al. 2003) .
Discussion
Different response properties to sinusoidal
and repetitive pulse stimulation
The response of cortical neurons across frequencies depends crucially on whether the stimulation is sinusoidal or a repetitive application of fixed pulses. With pulses, the suppression of the cortical response with increasing frequency is produced by TC depression (Fig. 3) . The frequency at which the CSR peaks, f p , was found to decrease with the temporal width of the thalamic input [ Fig. 3(f) ]. Because this width depends on the pulse duration (Sosnik et al. 2001) , we predict that shorter pulse stimuli should give rise to a higher f p . If the stimulus is sinusoidal, the ThSR is constant and the mean level of depression is invariant with f . Nevertheless, high frequencies are still filtered due to the passive properties of the cell membrane, which behaves as a low-pass filter [ Fig. 6(d) ]. Thus, while high frequencies are filtered by the membrane, STD is responsible for the filtering of low frequencies (Chance et al. 1998) . Considering the increase in whisker velocity with the sine frequency, causes the temporal contrast of the thalamic response to increase with f . This, shifts and stretches the band of transmitted frequencies to higher values. In spite of this, very high f 's are still filtered by the membrane. In summary, the simplest coding of a sinusoidal stimulus in the thalamic response also produces a cortical band-pass behavior, although it appears for different reasons.
Contrasting our hypothesis about the thalamic response
We now evaluate how realistic is our modeling of the thalamic response when compared with the available experimental data. Recordings of VPm cells applying different types of pulse stimulation found that the CPSTH shows little adaptation with f in the range of moderate frequencies (e.g. ∼15-20% at f ∼ 30 Hz) (Hartings and Simons 1998; Hartings et al. 2003; Sosnik et al. 2001) . Another important study reveals that during quiescent states, thalamic responses to repetitive whisker stimulation are strongly suppressed at frequencies above f ∼ 2 Hz. In contrast, during activated states VPm cells respond sustainably at least up to f = 40 Hz (Castro-Alamancos 2002) . Since the data is not conclusive about the extent of thalamic adaptation in vivo, we have first neglected adaptation, and then considered the case of an arbitrary adaptation susceptibility (Fig. 4) . Both pulses and sinusoidal stimulation evoke thalamic responses which resemble a Gamma function (Sosnik et al. 2001; Hartings et al. 2003; Khatri et al. 2004) . Moreover, thalamic CPSTH's in response to high f sinusoidal stimulation show a secondary smaller peak which we neglected [probably produced by inhibition coming from reticular cells (Golomb et al. 2006) ]. The results shown in this letter however, are not contingent on the specific shape of the CPSTH but essentially on its scaling with f and A.
More speculative is the assumption that, under sinusoidal stimulation, the ThSR is invariant with f .
The available data is limited to the interval f = 0-40 Hz where it increases by about 20% (Khatri et al. 2004; Hartings et al. 2003) . Based on this, we take the extreme assumption that the ThSR remains constant in the whole interval f = 0-200 Hz. This, allowed us to find out that STD can have a very different impact on the response function, in fact almost none, when the ThSR does not increase with f .
The encoding of the whisker velocity in the whiskerbarrel system has been analyzed in several studies Lichtenstein et al. 1990; Shoykhet et al. 2000; Pinto et al. 2000; Arabzadeh et al. 2003) .
In particular, in a study of the VPm response to single ramp-and-hold pulses, Pinto et al. (2000) observed that changes in the slope of the ramp (i.e. the velocity) produced a linear increase in the temporal contrast of the VPm response with little variation in the number of discharges. This is equivalent to a temporal redistribution of the spikes which tend to be discharged more synchronously at the onset (see Appendix 2). Given that the encoding of the velocity in the barrels has been observed up to very high frequencies (340 Hz) (Arabzadeh et al. 2003) , we have assumed that VPm cells must also encode the velocity in their temporal contrast in this whole range. By doing this, we have explored an alternative strategy to encode a sinusoidal stimulus different to the standard rectified sine used in previous modeling studies (see e.g. Chance et al. 1998; Carandini et al. 2001 ).
Comparison of the cortical response of the model with experiments
Experiments probing the barrel response using low and high frequencies have led to seemingly contradictory results: repetitive pulses at moderate frequencies give rise to a band-pass behavior of the CSR (Garabedian et al. 2003) , while sinusoidal stimulation produces a monotonous increase of the CSR up to very high frequencies (∼350 Hz) (Arabzadeh et al. 2003) . Our results can help to clarify this apparent contradiction, by showing that one must carefully distinguish between repetitive and sinusoidal stimulation because: (1) at high frequencies depression of TC synapses suppresses the response in the first, while it plays no role in the second; (2) only under sinusoidal stimulation the whisker velocity changes with the frequency, something that facilitates the response at higher frequencies.
The band-pass response function obtained in our model using pulses agrees with experimental data obtained using the same kind of repetitive pulse stimulation (Garabedian et al. 2003) . Including moderate levels of thalamic adaptation has little impact on the response since it is mainly determined by the depression of TC synapses [ Fig. 4(a) ]. The VS obtained in the model with moderate adaptation [Fig. 4(c) ] matches that obtained in the mentioned study, namely a band-pass behavior with maximum around f ∼ 5 Hz (Garabedian et al. 2003) .
Fewer studies measuring the response of barrel cells have employed sinusoidal stimulation Arabzadeh et al. 2003; Khatri et al. 2004 ). As mentioned above, Arabzadeh et al found that the CRS increases monotonically with the frequency up to f ∼ 340 Hz (Arabzadeh et al. 2003) . In addition, these cells encode the mean velocity of the stimulus, A f , in their rate. In a recent study, using lightly narcotized animals, Khatri et al. (2004) found that the CSR is basically insensitive to the stimulus frequency in the interval 12 < f < 40 Hz. It is likely that differences in anesthesia, stimulus velocity values, the number of stimulated whiskers and the different frequency interval used underly these major discrepancies.
We have used the model of thalamic response described above to test whether we could reproduce the results obtained in (Arabzadeh et al. 2003) . We found that, when the velocity is encoded in VPm, the CSR increases monotonically up to high frequencies [compare Fig. 6(d) with Fig. 8(c) ]. Its ability to encode the velocity in the barrel rate appears quite remarkable when the CSR is plotted vs frequency and amplitude and compared with the case where there is no velocity encoding in the thalamus [ Fig. 9(c and f) ]. However, this oversimplified model cannot avoid that at frequencies beyond 100 Hz, the passive properties of the neuron membrane dominate and the response drops off [ Fig. 8(c and d) ]. As a consequence, the CSR can only encode the velocity in a limited frequency range , i.e. 15-100 Hz.
Obviously, the lack of intra-cortical interactions in the model must be one of the major causes of this disagreement. An indication that the cortical network has an important effect on the neuron response is that data shows that cortical cells are not phase-locked to the signal (Arabzadeh et al. 2003) , meaning a negligible VS (in contrast to the larger VS observed under stimulation with repetitive pulses (Garabedian et al. 2003) ). Given that VPm discharges are precisely locked to a sine stimulus up to 300 Hz (Deschenes et al. 2003) , the lack of phase locking in the barrels reveals that the cortical activity has not inherited the precise phaselocked character of its input, possibly because the cortical circuit generates stimulus-asynchronous synaptic currents onto the recorded neuron and/or because long lasting recurrent NMDA conductances play a major role driving the neuron response (Fleidervish et al. 1998) . A recent theoretical study has shown that feedback decreases the temporal reliability of the neural response (Lin et al. 2007 ; although see Bazhenov et al. 2005 where reliability might increase at low frequencies and small amplitude). In the case of a periodic input, low temporal reliability would imply low phase locking and therefore the effect of the feedback would be to decrease the VS. Some cells in auditory cortex exhibit a similar behavior showing modulation of their rate up to stimulation frequencies of 300 Hz with almost no phase locking (Lu et al. 2001) . Understanding the impact of network feedback on the ability of neurons to follow high frequency stimulation requires a separate study. This study should elucidate the basic mechanisms by which periodic information is transformed into asynchronous firing rate in both somatosensory and auditory cortical circuits.
Features not included in the model
and future work
In this study we have focused our attention on the modeling of the thalamic response to different stimuli and on TC depression. These are important aspects to understand how the input currents coming into the barrel represent the temporal structure of the stimulus, but investigating the effect of the cortical network in shaping these inputs will be just as important or more. Thus, the present study must be viewed as the first step towards a more complete recurrent network model of the barrel, which should consider in particular both feed-forward and intra-cortical inhibition (Simons 1978; Swadlow 1989; Beierlein et al. 2003; Pinto et al. 2003) . Including the cortico-thalamic feedback that VPm receives from cortex through inhibitory reticular neurons could also be important (Golomb et al. 2006) . Another simplification taken here was to consider only steady state responses which can be easily compared with experiments but whose relevance when the rat is encoding a natural environment is questionable. Thus, analysis of the transient response is a necessary element to include in future work. Also not studied here, is the resonant amplification of the whisker amplitude at very high frequencies (Neimark et al. 2003) . This feature could be included in the model by introducing a resonant dependence in the whisker motion amplitude, i.e. A = A( f ). Future work could address more fundamental questions related with the rat behavior, namely: What is the cortical response in the more realistic situation in which, while whisking at low frequencies (4-12 Hz), a vibrissa contacts a texture inducing resonant vibrations?; in this context, would a resonant motion of the vibrissa (Andermann et al. 2004) give rise to a cortical response encoding the texture more optimally? what is the role played here by STD and velocity encoding?
We consider N = 85 thalamic neurons impinging onto the single target barrel cell based on an estimate of 200 cells per barreloid (Land et al. 1995; Varga et al. 2002) and a TC convergence ratio of 0.43 (Bruno and Sakmann 2006) . Other parameters of the cortical cell model are: τ m = 1 − 10 ms, θ = 10-17 mV, H = 6-10 mV, τ ref = 2 ms, C m = 100 pF and E L = 0. Background parameters: M E = 3, M I = 6, J E /C m = 0.2 mV, J I /C m = −0.4 mV, U E = U I = 0.4, ν E = 5 ms −1 , ν I = 1 ms −1 . The excitatory background rate being five times larger than the inhibitory background rate, reflects the approximate ratio of one inhibitory cell every five excitatory cells found in the cortex.
Appendix 2
The temporal contrast
The temporal contrast is defined as (Pinto et al. 2000) :
Temporal Contrast = 40% of spikes per deflection time to produce 40% (14)
It measures in spiking rate units the mean firing rate of the early part of the response. Parameterizing the thalamic CPSTH with a Gamma function given by:
the temporal contrast can be evaluated easily: The numerator equals 0.4 e C , while the denominator is obtained by solving the equation:
which performing the integral becomes t + ln(1 − 0.4) = ln t + 1 ,
which yields to t = 1.37 , giving finally:
Temporal Contrast = 0.4 e C 1.37 0.8 C
that is, it is simply proportional to the Gamma amplitude. Now, modeling the temporal contrast dependence on the velocity obtained by Pinto et al. (2000) using this Gamma parameterization implies that as the stimulus velocity increases the VPm response has to vary (1) increasing its amplitude C and (2) decreasing so that the product C remains fixed. Doing so, the temporal contrast depends on the velocity while the spike count is independent of it.
